We describe a novel technique for restoration of reinforced concrete (RC) structures that have sustained damage during an earthquake. The reinforcement scheme described here is a hybrid seismic retrofitting technique that combines noncompression X-bracing using CF with externally bonded GF sheets to strengthen RC structures that have sustained damage following an earthquake. The GF sheet is used to improve the ductility of columns, and the noncompression CF X-bracing system, which consists of CF bracing and anchors to replace the conventional steel bracing and bolt connections, is used to increase the lateral strength of the framing system. We report seismic restoration capacity, which enables reuse of the damaged RC frames via the hybrid CF X-bracing and GF sheet wrapping system. Cyclic loading tests were carried out to investigate hysteresis of the lateral load-drift relations, as well as the ductility. The GF sheet significantly improved the ductility of columns, resulting in a change in failure mode. The strengthening effect of conventional CF sheets used in columns is not sufficient with respect to lateral strength and stiffness. However, this study results in a significant increase in the strength of the structure due to the use of CF X-bracing and inhibited buckling failure of the bracing. This result can be exploited to develop guidelines for the application of the reinforcement system to restore damaged RC structures.
Introduction
To restore an earthquake-damaged community as rapidly as possible, a well-prepared reconstruction strategy is essential, as was revealed by the 1995 Kobe Earthquake in Japan, the 1999 Chi-Chi Earthquake in Taiwan, the 2008 Sichuan Earthquake in China, the 2010 Chile Earthquake, the 2011 Christchurch Earthquake in New Zealand, the 2012 Great East Japan Earthquake, and the 2013 Lushan Earthquake in China. When an earthquake strikes a community and damage to buildings occurs, inspection of this damage is urgently required to identify which buildings are safe and which are prone to damage due to aftershocks. The residual seismic capacity of the damaged buildings should then be quantitatively evaluated, and technically and economically sound solutions should be identified (i.e., effective reinforcement) to restore the damaged buildings.
Seismic retrofit techniques of damaged buildings has received relatively little interest, however, and most research, including guidelines and standards, has focused on seismic evaluation and retrofit of existing buildings (e.g., the Handbook for Seismic Evaluation of Buildings: A Prestandard [1] , Prestandard and Commentary for Seismic Rehabilitation of Buildings [2] , Standard for Seismic Evaluation of Existing Reinforced Concrete Buildings and Guidelines for Seismic Retrofit of Existing Reinforced Concrete Buildings, and the Technical Manual for Seismic Evaluation and Seismic Retrofit of Existing Reinforced Concrete Buildings [3] ). Research into restoration of damaged buildings is lacking, especially seismic retrofitting techniques for buildings that have sustained damage following an earthquake.
Aschheim and Black [4] reported a nonlinear dynamic analysis whereby serial continuous earthquake loading, including the main shock and aftershocks, resulted in cumulative damage to the structural system. Lee and Foutch [5] reported an analytical method for reliability-based seismic performance evaluation of buildings damaged by earthquakes. Li and Ellingwood [6] showed that the additional 2 Shock and Vibration degree of damage to structures due to aftershocks was strongly related to the earthquake damage caused by main shock, that is, residual deformation.
Maeda et al. [7] proposed a technique for postearthquake damage evaluation of reinforced concrete (RC) buildings based on the residual seismic capacity, which is defined as the ratio of the postearthquake seismic capacity to the initial capacity. This enabled rapid restoration to prevent damage during aftershocks and provided permanent restoration. The residual seismic capacity was calculated based on the seismic capacity reduction factor, which was determined using cyclic loading tests and nonlinear dynamic analyses, and was applied to the 2004 Niigata Earthquake and the 2012 Great East Japan Earthquake.
Most existing research into buildings damaged by earthquakes has focused on methods of seismic capacity evaluation of the damaged structures following the main shock. Seismic retrofitting techniques for permanent restoration of the damaged buildings, however, have received relatively little attention. Effective reinforcement techniques for restoring the damaged buildings are also attractive from an economic point of view.
Recently, fiber-reinforced polymer (FRP) sheets using carbon fiber (CF) or glass fiber (GF) have been widely applied to reinforcement of existing structures and are frequently used to restore columns that have been damaged by earthquakes. Strengthening methods using FRP sheeting have been shown to significantly increase the ductility of existing columns; however, the increase in lateral strength and stiffness is typically not sufficient, and interstory drift of buildings cannot be easily controlled [8] .
The most efficient reinforcement methods for increasing resistance to lateral loading during earthquakes is steel bracing, which can result in a significant increase in the load-resistance of earthquake-damaged RC structures [9] . In particular, Viswanath et al. [10] analytically showed that cross bracing (X-bracing) significantly increased the structural stiffness and decreased interstory drift. X-bracing systems have been applied to five-story RC buildings, which when originally built did take earthquake resistance into account, and significantly enhanced the strength of these structures [11] . Scale tests for seven-story RC buildings reinforced using steel X-bracing have also been carried out, and the results indicate enhanced vertical and horizontal resistance, until buckling failure of the bracing occurred in response to the earthquake loading [12] . An RC school building was retrofitted using posttensioned rod braces, which resulted in an increased moment capacity, rather than increased ductility [13] . Research has shown that direct connections between the concrete structure and the bracings result in superior structural properties in terms of earthquake resistance [9, [14] [15] [16] [17] .
X-bracing significantly increases the structural stiffness and strength of structures; however, it has also been shown that conventional steel X-bracing methods typically result in brittle failure at the connections between the braces and the building or buckling failure of the braces. There have been many attempts to eliminate buckling failure in the braces, which have mainly focused on the use of bucklingrestrained brace (BRB) systems. One report of calculations of a confidence parameter of buckling failure in a four-story steel office building highlighted the importance of carefully assessing the braced steel frames, especially to prevent total collapse of the building [18] .
In Japan, BRB frames have become increasingly popular, due to their excellent earthquake resistance [19] . In 2009, a new type of bidirectional-resistant ductile end diaphragm using BRBs was introduced for bridges [20] . BRB devices cased with steel tubes and mortar have been investigated, and the results indicate that it is possible to acquire reasonably efficient and economical performance during cyclic loading [21] . The configurations of X-braced systems have been investigated to obtain performance that economically mitigates residual drift, limits soft story formation, and prevents undesirable failure modes at the beam-column connections. A buckling-restrained braced frame (BRBF) with pinned and moment connections has been proposed, and the efficiency of the structure was evaluated using nonlinear dynamic analysis [22] . A nine-story building reinforced using a special concentrically braced frame (SCBF), a buckling-restrained bracing frame (BRBF), and a mega-bracing frame (MBF) was simulated to evaluate the seismic resistance. The MBF configuration was found to be the most resistant to lateral drift, even though it was relatively lightweight [23] . Tamai and Takamatsu [24] also reported innovative methods to prevent buckling failure using noncompression bracing featuring sliding brace connections.
Carbon fiber (CF) X-bracing uses carbon fiber bracing and anchors rather than conventional steel bracing and bolt connections. Externally bonded carbon fiber anchors have been developed and tested to evaluate the efficiency of anchorage, force continuity, and force transfer. The results indicate that it is possible to achieve shear strengthening, flexural enhancement, confinement, and blast hardening [25] . Other researchers used pull-out [26, 27] and shear [28] methods to evaluate the composite structures and found CF bracing to be a practical engineering solution for reinforcing RC structures.
In this paper we report a hybrid seismic retrofit methodology combined with a noncompression X-bracing system using CF and externally bonded GF sheeting for reinforcing RC structures that have sustained damage following an earthquake. GF sheeting was used to improve the ductility of damaged columns. The noncompression CF X-bracing system, which consists of CF bracing and anchors rather than conventional steel bracing and bolt connections, was used to increase the lateral strength of the framing system. Seismic restoration of damaged RC frames reinforced using this hybrid system was investigated using cyclic loading tests, and the stiffness and ductility of the structure, the failure modes, and hysteresis of the lateral load-drift response were assessed.
Hybrid Methodology Using CF X-Bracing and GF Sheet Wrapping
The hybrid seismic retrofitting methodology described here uses a combination of noncompression CF X-bracing and externally bonded GF sheeting to reinforce damaged RC structures, as shown in Figure 1 . The hybrid system consists Shock and Vibration of CF braces, a CF anchor, and GF sheeting. Following the formation of anchor holes in the damaged column, epoxy-impregnated CF composite bracings were installed through the anchor holes at both edges of the column. CF bundles at the end of the CF X-bracing surround the column edge to form the anchors. This fiber anchoring system has been shown not to exhibit fiber fracture, and concrete failure occurred following the application of shear loads that were approximately twice those that led to failure in specimens without the fiber anchors [29] . The GF sheeting was externally bonded to increase the ductility of the damaged columns, including the CF anchor points.
Consequently, it is possible to prevent premature debonding failure at the anchor points by using three anchorage points: the support is bonded at the anchor hole, the CF anchor, and is externally bonded to the GF sheeting. The structural behavior of the hybrid CF X-bracing and GF sheet wrapping system is illustrated in Figure 1 . When a lateral force is applied, as shown by P1, the ascending brace experiences a tensile force T1, and the descending brace does not experience a compressive force: that is, C1 = 0. When a lateral force is applied in the opposite direction, shown by P2, the descending brace has a tensile force T2 and the ascending brace also has no compressive force, so that C2 = 0. Therefore, there are no compressive stresses on the CF X-bracing in response to lateral loads.
Test Specimens

Material Characteristic of CF for X-Bracing and GF
Composite for Wrapping. Two different CF X-bracings were used in this study: one fabricated from carbon fiber yarn provided by Fyfe, USA (type-A), and one fabricated by Toray, Japan (type-B). Table 1 lists details of these fibers; type-A fiber had a tensile strength of 3,790 MPa and a diameter of 15.5 mm, and type-B fiber had a tensile strength of 4,900 MPa and a diameter of 15.8 mm. The mechanical strength was experimentally characterized according to the KS K 0412 Korean Standard to measure the tensile strength and elongation of the filament. Failure occurred at approximately half of the manufacturer's listed tensile strength; however, this measurement depends critically on the anchorage and angle of the filaments. During the design process, a safety margin of the tensile strength of the CF anchor was considered based on the results of these tensile tests. Table 2 lists the material properties of the GF composite used in this study. The GF was produced by Conclinic (CAF-GL1000) [30] in Korea and had a tensile strength at failure of 500 MPa and an elastic modulus of 25,000 MPa.
Material Properties of Steel Rebar, Concrete, and Epoxy
Resin. The listed compressive strength of the concrete was = 30MPa, and cylindrical compression tests resulted in a figure of 31.8 ± 1.0 MPa. The tensile strength of the steel reinforcing bar (rebar) was 400 MPa. Two different diameter rebars were used: D10 for the stirrup and D22 for the main rebar of specimens (see Section 3.3 for further details). The uniform building code [31] pertains to RC design in earthquake zones and specifies that the ratio of the tensile stress to the yield stress of the rebar should not be less than 1.25, to ensure adequate ductility under simulated earthquake loading. In our tensile testing of the rebar, this ratio was 1.45 for the D10 rebar and 1.35 for the D22 rebar. The tensile strength of the steel rebar was measured using a universal testing machine (UTM); we find 518.3 ± 1.15 MPa for the D10 rebar and 538.0 ± 12.17 MPa for the D22 rebar, where the error margins correspond to the standard deviation of the measurement results.
The anchoring method used epoxy resin as an adhesive for the CF anchors and externally bonded glass fiber sheeting. Table 3 lists the material properties of the epoxy resin used in this study. 
Specimen Design and Test
Variables. Shear failure control specimens were designed and fabricated for experimental tests. Figure 2 shows details of the shear failure (SF) series of control specimens. The purpose of these tests was to investigate the structural performance of damaged RC columns, which had reduced shear strength, with the hybrid CF Xbracing and GF sheet wrapping reinforcement system. The specimens were designed according to the guidelines for the load-carrying capacity specified by the Japan Building Disaster Prevention Association [3] . A total of three specimens were considered for the shear failure mode, including the two types of CF X-bracing and GF sheet wrapping systems. The average vertical load on both columns was approximately 3 MPa, which is 10% of the nominal compressive strength of the concrete. The ratio of the column clear height, ℎ 0 , to the depth, , was ℎ 0 / = 6.0. The concrete stub member was installed at the top of the specimen to confine the columns. Table 4 lists the loadcarrying capacity calculated according to JBDPA [3] .
Fabrication of Test Specimens Structurally Restored by
the Hybrid Strengthening System. To experimentally investigate the seismic resistance of the structurally restored RC structures, a series of control specimens, SF-0, were designed to exhibit shear failure. The reinforcement ratio of the SF series was designed so that the structures would exhibit shear failure modes. Two specimens were fabricated, as shown in Figure 2 . Each specimen was then tested until class-V damage occurred, as shown in Figure 3 , and defined in Table 5 [7, 32] . The tests were carried out based on a cyclic loading scheme, which will be described later (see Table 7 ). Following completion of the cyclic loading to simulate earthquake damage, the damaged structures were reinforced using the hybrid CF X-bracing with either type-A or type-B CF and with GF sheet wrapping. There were, therefore, three types of specimen, which were investigated using cyclic loading experiments. All specimens had identical dimensions, and a stub with a high stiffness was installed at the top of each specimen to provide confinement of the columns. Table 6 lists details of the test specimens. Figure 4 shows details of the fabrication of the specimens. Following completion of the specimens (SF-R1 and SF-R2), which sustained class-V damage, these were treated by injecting epoxy resin into the cracks. Anchor holes were then drilled at the edges of the top and bottom of each column. The anchor holes were drilled to pass through the CF bracing using a CF anchor. Inclined holes were formed, allowing the CF bracing to pass, as shown in Figure 4(b) . The CF Xbracings were passed through the anchor holes and stretched tight. The anchor points were reinforced by bonding the CF anchors using epoxy resin. Externally bonded glass fiber was then applied to the entirety of the column.
To enhance the bonding, the surfaces were treated using a priming process. The GF sheet wrapping was applied to the damaged RC columns with two orientations: longitudinal for strengthening of the main reinforcements and horizontal for lateral reinforcement to enhance the seismic resistance. The GF sheeting was cured for three days for each orientation. Figure 5 shows details of the control specimen (SF-0) and the specimens strengthened using the hybrid CF-X bracing and GF sheet wrapping 15 system (SF-R1 and SF-R2).
Test Procedures.
The main purpose of the tests was to investigate the seismic restoration capacity for reuse of the damaged RC frame reinforced using the hybrid CF Xbracing and GF sheet wrapping system. We investigated the Shock and Vibration stiffness and ductility of the structure, the failure modes, and hysteresis of the lateral load-drift relations. The two columns were subjected to a constant vertical load of 187.5 kN using two 1,000 kN actuators. A 2,000 kN actuator was used to apply the lateral load. Figure 6 shows the experimental configuration. A cyclic loading scheme with a predetermined displacement was used. The load cycles were designed to have antisymmetric moments in the lateral direction. Each loading step consisted of three cycles. Table 7 lists the load cycles that were applied to the test specimens.
Failure Patterns and Load-Displacement Relations
For the specimens reinforced using the hybrid system described here, the compressive behavior of the CF Xbracing was out-of-plane. This was originally expected to be compression-free, so that buckling failure of the braces could not occur. The failure of modes and hysteresis characteristics of the control (SF-0) and reinforced specimens (SF-R1 and SF-R2) differed significantly. All of the SF-R series failed in Table 5 : Definition of damage classes [7, 32] . response to flexural strain with a large energy dissipation capacity, whereas the control SF-0 specimens exhibited shear failure, which is consistent with the design of the structure.
In the following discussion, we focus on the crack and failure patterns in terms of the lateral displacement and loaddisplacement relations during the final stages of the test. Each loading step was identical during the three loading cycles. Table 8 lists the results of mechanical characterizations in terms of shear strength and displacement with positive and negative loads for the three specimens. The yield strength and displacement of the specimens were described using Park's definition, which is the most realistic definition available for the yield displacement for RC structures [33] . The yield displacement of the equivalent elastoplastic system with a reduced stiffness is given by the secant stiffness at 75% of the ultimate lateral load of the system.
Control Specimen.
The control specimen (SF-0) was designed so that it would exhibit shear failure and was tested until class-V damage occurred in order to simulate earthquake damage (see Figure 3) . Figure 7 shows the crack patterns that were observed on the SF-0 specimen following the final stages of the cyclic load tests, and Figure 8 shows the load-displacement curve.
During the 15th loading cycle (5th loading step, = 1/200), with a load of −166 kN, slight flexural cracks appeared at the lower end of the right column, and shear cracks were observed at the upper end of the column. No cracking occurred in the middle of the column. When the applied load reached 224 kN, at the 21st negative loading cycle (7th loading step, = 1/120), more shear cracks appeared, with increased width. A notable difference was the observation of peeling of the concrete cover due to shear forces at the 27th loading cycle (9th loading step, = 1/86). This is likely to be the result of insufficient shear confinement. Shear failure occurred in both columns following the application of a negative load of 150 kN, with a lateral drift of 30.0 mm ( = 1/50).
The maximum load capacity of the frame of the SF-0 specimen was 278 kN at the 27th negative loading cycle (9th loading step, = 1/86), with a lateral drift of 17.5 mm (see Table 8 and Figure 8 ). The maximum positive load capacity was 227 kN, with a lateral drift of 14.7 mm, and exhibited slightly lower strength in response to positive loads than negative loads.
Hybrid CF X-Bracing and GF Sheet Wrapping Reinforced
Specimen SF-R1. Figure 9 shows a photograph of the SF-R1 specimen following the cyclic loading test, and Figure 10 shows the load-displacement curves. The SF-R1 specimen featured the hybrid CF X-bracing with type-A carbon fiber and GF sheet wrapping. The specimen was reinforced following sustaining class-V damage (see Figures 3 and 5) . The SF-R1 specimen did not exhibit surface cracks, because the surface was coated with externally bonded GF sheeting.
Following the 42nd negative loading cycle (14th loading step, = 1/38), with a load of −464 kN, the strength capacity did not increase, and a maximum load was reached. When the applied load reached the 58th cycle ( = 1/13), the specimen exhibited failure at both ends of the RC column, and buckling failure of the CF X-braces did not occur.
As shown in Figure 10 , the maximum load capacity of the frame of the SF-R1 specimen was a negative load of 464 kN, with a lateral drift of 44 mm (see also Table 8 ). The maximum positive load capacity was 453 kN with a lateral drift of 44.8 mm, which is similar to the maximum negative load capacity. Note that the hybrid reinforced SF-R1 specimen exhibited a significant increase in the ductility of the columns, resulting in a change in the failure mode, as well as an increase in the strength capacity, compared with the SF-0 control specimen (see Figure 8 ).
Specimen SF-R2. The SF-R2 specimen was strengthened using the hybrid CF X-bracing with type-B carbon fiber and GF sheet wrapping. Surface cracks were not observed because of the externally bonded GF sheeting, as with the SF-R1 specimen. Figure 11 shows a photograph of the SF-R2 specimen following the cyclic loading tests, and Figure 12 shows the load-displacement curve. The lateral strength of the SF-R2 specimen did not increase at the 46th negative loading cycle (16th loading step, = 1/25) with a load of −555 kN, which showed the maximum 16 load. At the 57th negative loading cycle ( = 1/14), the specimen reached the ultimate state. Similar to the SF-R1 specimen, failure occurred at both ends of the RC column, and buckling failure of the CF Xbraces did not occur. As shown in Figure 12 , the maximum load capacity of the SF-R1 specimen was a negative load of 555 kN, with a lateral drift of 56.3 mm (see also Table 8 ). The maximum positive load capacity was 514 kN, with a lateral drift of 56.4 mm.
As shown in Figure 12 , the failure mode of the SF-R2 specimen was flexural, whereas the control specimen exhibited the shear failure. The SF-R2 specimen also exhibited an increase in the strength capacity compared with SF-0. These results indicate that the hybrid CF X-bracing and GF sheet wrapping system is effective in increasing the energy dissipation capability of RC frames and can be used to restore damaged structures following an earthquake.
Comparisons of Strength and
Deformation Capacity Figure 13 shows envelop curves of the lateral load-displacement relations for the SF-0, SF-R1, and SF-R2 specimens. Table 9 lists the strength and deformation capacities, including the strength to ductility ratios. The larger of the maximum positive or negative loads were used. The ratio of the strength to the ductility is indicative of the reinforcement effect of the hybrid strengthened specimens (SF-R1 and SF-R2) in terms of the shear strength capacity compared with the control specimen (SF-0) and is expressed by the ratio of maximum load Vmax of the SF-R1 or SF-R2 specimens to that of the SF-0 specimen. The ductility ratio of the shear failure specimen (SF-0) is defined as the maximum displacement Δ max divided by yield displacement Δ : that is, = Δ max /Δ . The ductility ratio of the flexural failure specimens (SF-R1 and SF-R2) is defined as the ultimate displacement Δ divided by yield displacement Δ : that is, = Δ /Δ . The yield strength and displacement of each specimen are listed in Table 9 and were defined based on Park's definition [33] ; that is, the yield displacement of the equivalent elastoplastic system with a reduced stiffness is the secant stiffness at 75% of the ultimate lateral load of the system.
The maximum shear strength of the SF-R1 specimens reinforced using the hybrid CF X-bracing with type-A carbon fiber and GF sheet wrapping was 464 kN ( = 413 kN) and that of the SF-R2 specimen braced using type-B carbon fiber was 555 kN ( = 515 kN); this represents an increase of a factor of approximately 1.7-2.0, that is, 70-100% larger than the SF-0 control specimen (where the maximum shear strength was 278 kN). The ductility ratio of the SF-0 specimen 
externally bonded GF sheet wrapping, and (f) a specimen strengthened using the hybrid CF X-bracing and GF sheet wrapping system. was = 1.25, which is because the frame of the SF-0 specimen was limited by shear; however, the ductility ratio of the SF-R1 specimen was = 3.75 and that of the SF-R2 specimen was = 2.53; this represents an increase of a factor of 2-3 compared with the SF-0 control specimen.
We find that both the strength and deformation capacities increased significantly following the application of the hybrid reinforcement system described here, even though the structures were originally damaged until failure (i.e., damage class-V, as shown in Figure 3) . We also showed that the damaged RC columns were effectively restored to provide sufficient structural resistance to earthquake loading.
Conclusions
We have described a novel hybrid seismic retrofitting approach, which combines a noncompression X-bracing system using CF with externally bonded GF sheeting for reinforcement of RC structures that have sustained damage during an earthquake. The GF sheeting was used to improve the Shock and Vibration Flexure * The strength ratio is defined as the maximum load max of the SF-R1 or SF-R2 specimens divided by that of the SF-0 specimen, which indicates strengthening effects in terms of shear strength capacity compared with control SF-0 specimen. * * = Δ max /Δ is the ductility ratio for shear failure of specimen SF-0, where Δ max is the maximum displacement and Δ is the yield displacement. * * * = Δ /Δ is the ductility ratio for the flexural failure specimens SF-R1 and SF-R2, where Δ is the ultimate displacement and Δ is the yield displacement. ductility of damaged columns. The noncompression CF Xbracing system consisted of CF bracing and anchors rather than conventional steel bracing and bolt connections and was used to increase the lateral strength of the framing system. The restored RC frame strengthened was investigated using cyclic loading tests. We found that the damaged RC frame can be restored following class-V damage, providing enhanced structural properties compared with the original RC frame. This technique can also be applied to undamaged existing structures to increase both the strength and ductility. The major results of this work are summarized as follows.
(a) The most significant change following the application of the reinforcement system was in the failure mode. Both the SF-R specimens exhibited flexural failure, whereas the control SF-0 specimen exhibited shear failure, which is associated with brittle behavior. The energy absorbing capacity was, therefore, substantially increased compared with the control specimen.
(b) The noncompression CF X-braces, which were used to increase the lateral strength of the framing system, resulted in a considerable reinforcement effect in terms of shear strength compared with the control specimen. The yield load was calculated using Park's method, and the maximum load-carrying capacity increased by 70-100%. The reinforcement effect depends on the bracing material used. It follows that the target reinforcement capacity can be designed via appropriate choice of the type of CF X-bracing.
(c) Considering the change of failure mode to flexural, the specimens SF-R1 and SF-R2 were considerably improved by the externally bonded GF sheet wrapping, representing an increase in the ductility ratio of a factor of 2-3 compared with the SF-0 control specimen. Note that the energy dissipation capacity, which depends on lateral strength and deformation, increased significantly following application of the hybrid CF X-bracing and GF sheet wrapping system.
(d) This hybrid technique for seismic restoration using CF X-bracing and the GFRP can significantly enhance the seismic resistance of the damaged RC columns. The use of CF X-braces eliminates buckling failure of the bracing, which commonly occurs with conventional steel X-bracing systems. The reinforcement method described here can be applied for seismic restoration of RC structures following damage sustained during an earthquake.
(e) This research, however, was focused on an experimental investigation to study applicability of a new type of hybrid noncompression CF bracing and GF sheet wrapping reinforcement method to restore damaged RC buildings proposed in this research. As a recommendation to the future work, additional theoretical and analytical studies of added GF sheets and CF braces are needed to justify the seismic behavior of the proposed hybrid system, together with seismic strengthening effects of actual RC buildings system before and after strengthening by using the hybrid technique proposed in this study. Furthermore, further work is required to optimize the details of the connections between the bracing and the columns, which is expected to lead to additional improvements in the structural properties of the restored RC frames, and the structural debonding behavior of GF sheet during actual dynamic repeated loads and the development of a suitable application protocol is required for the practical application of our approach. BRBF: Buckling-restrained braced frame SCBF: Special concentrically braced frame BRBF: Buckling-restrained bracing frame MBF: Mega-bracing frame GFRP: Glass fiber-reinforced plastic UBC: Uniform building code UTM: Universal testing machine SF:
Shear failure.
